Abstract With the Chandra pointing observation of about 50 ks, we have detected 41 point sources in the X-ray relatively faint elliptical galaxy NGC 1407, most of which appear to be low mass X-ray binaries. In luminosity flux units, these resolved point sources contribute about 17.8% of the total emission of the galaxy in 0.3-10 keV. Of the remaining diffuse emission, about 53.4% (or 43.9% of total) may arise from unresolved point sources. We find six ultraluminous X-ray sources with luminosities above 10 39 erg s −1 . This number is less than has been found in NGC 720, but more than in NGC 4697 and NGC 1553, so suggesting a possible correlation between the number of ULXs and the total X-ray luminosity of early-type galaxies. A central point-like source is detected whose luminosity (2.36 ± 0.14 × 10 39 erg s −1 ) is the highest among all resolved sources. However, because of its relatively low hardness ratio, we speculate that it is not likely to be a low luminosity AGN.
INTRODUCTION
Early X-ray observations of elliptical galaxies with satellites such as Einstein and ROSAT (c.f. Fabbiano, Kim & Trinchieri 1994) revealed that in the X-ray spectra of these early-type galaxies there is a hard component whose intensity is approximately proportional to the optical luminosity of the galaxy. This hard spectral component has been ascribed to a population of low-mass X-ray binaries (LMXBs). In X-ray bright elliptical galaxies, whose X-ray to optical luminosity ratio L X /L B is relatively high, the hard component is usually dominated by a softer thermal component emitted by the interstellar medium (ISM); in X-ray faint elliptical galaxies, the hard component dominates over the total X-ray emission of the galaxy. Therefore, X-ray faint elliptical galaxies are ideal sites for studying the X-ray property of the LMXB population. However, before the superb spatial resolution of the Chandra X-ray Observatory became available, little was known about LMXB in X-ray faint elliptical galaxies.
In 2000 and 2001, with a 39.4 ks Chandra pointing observation, Sarazin, Irwin & Bregman found that in the X-ray faint elliptical galaxy NGC 4697 more than half of the observed X-ray counts from within one effective radius can be resolved into ∼ 80 LMXBs. If we take into account the contribution of those unresolved fainter LMXBs, then about 77% of the total counts may arise from LMXBs. This ratio is higher than that found in the X-ray faint S0 galaxy NGC 1553 as reported in Blanton, Sarazin & Irwin (2001) . Among the ∼ 80 resolved point sources in NGC 4697, there are three super soft sources (SSSs) with no detectable emission beyond 1 keV. Since the distances of the three SSSs to the galactic center are small, they are considered to belong to the galaxy. In NGC 1553 and another elliptical galaxy NGC 720 (Jeltema et al. 2003) , however, no such soft sources were found. The X-ray luminosity in 0.3-10 keV of all the detected point sources in NGC 720, NGC 1553, and NGC 4697 have been calculated by the authors. After normalizing the obtained luminosities Hubble constant H 0 = 75 km s −1 Mpc −1 , there are seven ultraluminous X-ray sources (ULXs; sources with their luminosities exceeding 10 39 erg s −1 ) in NGC 720, three in NGC 1553, and one in NGC 4697. These ultraluminous X-ray sources may be associated with accreting black holes of intermediate masses, or with beamed emission from ordinary black hole and/or neutron star binaries. As of today, SSSs and ULXs have been found in a variety of galaxies (e.g., Holt et al. 2003; Mukai et al. 2003; Pence et al. 2001 ). However, their physical nature and the reason why their occurrence varies so much in different types of galaxies are still under investigation.
In this paper, we present some preliminary results of a Chandra study of the point sources in the elliptical galaxy NGC 1407. Sitting at the center of the Eridanus A cluster, NGC 1407 is one of the nearest X-ray relatively faint elliptical galaxies with a redshift of 0.0059, which makes it an ideal target for the study of LMXB population in early type galaxies. By analyzing the ROSAT PSPC pointing observations, O'Sullivan, Forbes & Ponman (2001) found that the X-ray-to-optical luminosity ratio of NGC 1407 is L X (0.3-10 keV)/L B = 2.63 × 10 30 erg s
B . Optical study of NGC 1407 (Gould 1993; Perrett et al. 1997; Quintana, Fouque & Way 1994) revealed that its mass-to-light ratio is extremely large, which means that it may be a highly dark-matter-dominated system possibly containing a large population of LMXBs.
We describe the observation and data reduction in Sect. 2. In Sect. 3, we present the Chandra image and compare it with the optical results. Then in Sect. 4, we investigate the X-ray properties of the resolved point sources by studying their hardness ratios. After sorting the point sources into five groups, we make direct spectral fittings of the integrated spectrum of each group. In Sect. 5, we summarize and discuss the implications of our results by comparing them with those obtained for NGC 720, NGC 4697 and NGC 1553. Anders & Grevesse (1989) , and the errors of the model parameters at 90% confidence are calculated.
OBSERVATIONS AND DATA REDUCTION
NGC 1407 was observed with the Chandra Advanced CCD Imaging Spectrometer (ACIS) on August 26, 2000 for a total exposure of 50 339 s. The data were telemetered in Faint mode with a frame time of 3.2 s, and the CCD temperature was -110
• C. The center of the galaxy was positioned on the ACIS-S3 CCD, with an offset of 0.63 from the nominal pointing for the S3 chip. In addition to it ACIS CCDs I2-3, S1-2 and S4 were also in operation. In this paper, we utilize the data from the S3 chip only, which includes the entire galaxy. We processed the data with the standard Chandra analysis package CIAO (version 2.3). After eliminating time intervals of bad aspect and high background, the resulted clean exposure time was 48 475 s. Bad pixels and bad columns have been removed. Only those events with ASCA grades 0, 2, 3, 4 and 6, and with photon energies in the range of 0.3-10 keV were included in our analysis.
X-RAY IMAGE
We extracted the Chandra S3 image of NGC 1407 in 0.3-10.0 keV and smoothed it to a minimum signal-to-noise ratio of 3σ. The result is shown in Fig. 1 , where the image has been corrected for exposure and is plotted on logarithmic scale. It can be seen that the spatial distributions of both the diffuse X-ray emission of ISM and X-ray point sources are roughly symmetric. The X-ray peak of the galaxy is found at RA=03 h 40 m 11.8 s DEC=-18
• 34 48.3 (J2000). We notice that this position coincides with the optical center to within 0.3 , less than the uncertainty caused by the aspect offset. In Fig. 2 , we overlay the X-ray intensity contours on the optical image of the same region as shown in Fig. 1 . To show the spatial distribution of the resolved X-ray point sources, we mark their positions with circles. We found no apparent optical counterpart to any of the resolved X-ray point sources. 
POINT SOURCES
We identified the X-ray point sources by using a sliding cell detection algorithm. The detection threshold was set to be 3σ. We also used a wavelet-based detection algorithm and eye-examination to cross-check the result. Within two effective radii of NGC 1407 (1 effective radius = 1.17 , Matsushita 2001), we detected a total of 41 point sources. The count rates of these point sources were corrected for both exposure and background. The background was determined for each point source from its surrounding regions.
Hardness Ratio
Since the total count of each point source is low, simple model fits to the X-ray spectrum of an individual source will not yield unambiguous determinations. So we first investigate the hardness ratios of those resolved point sources, for which we are able to obtain spectral information to some extent. Following other works (e.g., Sarazin, Irwin & Bregman 2000 , 2001 , we divided the entire energy band into three parts (i.e., soft S: 0.3-1 keV, medium M: 1-2 keV, and hard H: 2-10 keV), and then calculated the hardness ratios H21=(M-S)/(M+S) and H31=(H-S)/(H+S). The results are plotted in Fig. 3 as a color-color diagram. In this figure, the upper solid line represents the predicted ratios for a power-law model with a hydrogen column density equal to the Galactic value (5.42×10 20 cm −2 , Dickey & Lockman 1990) . From top to bottom, the filled squares on this line mark the photon indices of 0.0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5 and 4.0. The lower line is the same as the upper one except that the hydrogen column density is set to be 5 times the Galactic value and the photon indices from 1.0 to 6.0. Error bars are quoted based on a binomial distribution of the source counts in each band. According to their locations on the color-color diagram, we sort the sources into five groups as shown with different marks (see also Table 1 ). Group 1 includes five softest sources marked with triangles; they are not so soft as SSSs, though. The photon indices Γ ph of these soft sources range from 1.5 to 3.0. Sources in group 2 (crosses) and group 3 (open squares) are located quite close to the upper line, while sources in group 2 have photon indices of 1.0-1.5, and sources in group 3 have relatively larger indices (1.5-2.0). Sources in group 4 (diamonds) are located close to the lower line. They are most likely to be background sources. There is only one source in group 5 (star), which is the hardest one (H21=1.0 ± 0.347, H31=1.0 ± 0.124) among the 41 resolved sources. This source is located far (1.9 ) from the galactic center, so that it may be an unrelated, strongly absorbed background AGN. Based on the calculated hardness ratios H21 and H31, we estimated the absorption-corrected luminosities of all the resolved point sources, assuming they are located at the distance of NGC 1407. The obtained 0.3-10 keV X-ray luminosities (Table 1) range from 1.50 ± 0.44 × 10 38 erg s −1 to 2.36 ± 0.14 × 10 39 erg s −1 , this indicates that most point sources have their origins as accreting neutron stars in LMXB systems. There are six ultraluminous sources with luminosities exceed 10 39 erg s −1 . The central source has the highest luminosity of 2.36 ± 0.14 × 10 39 erg s −1 .
Spectral Fitting
After subtracting all the resolved point sources, we have extracted the radial surface brightness profile of NGC 1407 in 0.7-7 keV to determine the boundary of X-ray emitting gas (R out ), defined as the radius where the count rate is 3 times of background fluctuation higher than the background. The obtained R out is 2.46 , or 14.75 kpc, which is approximately 2 times the effective radius of NGC 1407. Within this radius, we have extracted the spectrum of the total emission of the galaxy (ISM + all point sources) and, by excluding the resolved sources, the spectrum of the diffuse emission component (ISM + unresolved point sources). The extractions are limited in 0.7-7 keV to avoid uncertainties in the spectral calibrations at the lower energies and to reduce the effect of background at the higher energies. Results of detailed spectral fitting to these spectra are summarized in Table 2 and will be discussed below. In the fitting, we fixed the absorption at the Galactic value, for the fitting was not improved significantly when we allowed it to vary freely. The background spectra were extracted from regions outside R out on the S3 chip. * N H is fixed at the Galactic value 0.0542 × 10 20 cm −2 , and the redshift is set to be 0.005934.
We first fit the spectrum of the total emission with a model including an apec (http://heawww.harvard.edu.cn/APEC) spectral component and a power-law spectral component, that are photoelectrically absorbed (Fig. 4 and Table 2 ). Here, the apec and power-law components are used to represent the emissions from ISM and all (resolved and unresolved) point sources, respectively. The obtained best-fit temperature of the apec component is ∼ 0.786 +0.011 −0.012 keV, if the abundance is fixed at ∼ 0.4 solar, and the best-fit photon index is 1.56
+0.17
−0.28 . With the best-fit model, we find that the total flux of the galaxy in 0.3-10 keV is 2.07±0.09×10
−12 erg cm −2 s −1 , in which the power-law component contributes 1.28 ± 0.11 × 10 −12 erg cm −2 s −1 or 61.7
+8.5 −7.5 %. Next, by excluding all the resolved point sources, we extract and fit the spectrum of the diffuse emission component (Fig. 5 and Table 2 ). We use the same spectral model as described above for the total emission, in which the apec component represents the emission from the ISM while the power-law component represents the emission from the unresolved point sources. We find that, with the abundance fixed at 0.4 solar, the best-fit temperature of the thermal component and the best-fit photon index are ∼ 0.786 +0.015 −0.016 keV and ∼ 1.59 +0.23 −0.42 , respectively. These results agree very well with those for the total emission at the 90% confidence level. The 0.3-10 keV flux of the diffuse emission is 1.67 ± 0.08 × 10 −12 erg cm −2 s −1 , to which the nonthermal component (unresolved point sources) contributes 8.90 ± 0.99 × 10 −13 erg cm −2 s −1 . Thus, it is likely that about half of the diffuse emission is from point sources that are too faint to be resolved with Chandra. The rest (7.80 ± 1.27 × 10 −13 erg cm −2 s −1 ) should have its origin as the emission from ISM. This value agrees very well with the result derived in the fittings of the total emission. Finally, we fit the accumulated spectrum of all resolved X-ray point sources (Fig. 6 and Table 2 ). In order to avoid any possible bias, we exclude the central source whose X-ray luminosity is the highest. We find that the spectrum can be well fitted with a single powerlaw model, if the absorption is fixed at Galactic value. The derived best-fit photon index is ∼ 1.38 +0.12 −0.11 , which is again consistent with the values that we have found for the non-thermal component as presented above. The net flux of the resolved point sources is 3.00 ± 0.21 × 10 −13 erg cm −2 s −1 .
CONCLUSIONS
Within about two effective radii of the X-ray relatively faint elliptical galaxy NGC 1407, we have resolved 41 X-ray point sources with the Chandra ACIS instrument. On comparing the X-ray image with the optical image of the same region, we did not find any apparent optical counterpart of these X-ray point sources.
Using the exposure and background corrected counts in 0.3-1 keV, 1-2 keV and 2-10 keV, we have calculated the hardness ratios of all resolved sources and presented the results in a color-color diagram. There is one very hard source whose hardness ratios are H21=1.0 ± 0.347 and H31=1.0 ± 0.124, possibly indicating a large absorption. We speculate that it is most likely a background AGN. Similar hard sources have been found in two other elliptical galaxies, NGC 720 (Jeltema et al. 2003) and NGC 4697 (Sarazin, Irwin & Bregman 2000 , 2001 . There are five relatively soft sources in NGC 1407, including the source at the galactic center with a luminosity of 2.36 ± 0.14 × 10 39 erg s −1 . Unlike the central point sources found in NGC 720, NGC 4697 and NGC 1553, the central source in NGC 1407 may not be an AGN, because it significantly lacks hard X-ray emission; its 2-10 keV flux is < 7.2 × 10 −5 erg s −1 , contributing < 30% to its total emission in 0.3-10 keV. No super soft sources with H21∼ −1 and H31∼ −1 were found in NGC 1407.
Assuming a Hubble constant of 75 km s −1 Mpc −1 , we find that the calculated 0.3-10 keV luminosities of the 41 resolved point sources range from 1.50±0.44×10
38 erg s −1 to 2.36±0.14× 10 39 erg s −1 . This indicates that most of the point sources are LMXBs. We also find there are six ultraluminous X-ray sources in NGC 1407 whose X-ray luminosity exceeds 10 39 erg s −1 . This number (N ULX ) is about the same as for NGC 720 (seven, Jeltema et al. 2003) , and is more than for NGC 1553 (three, Blanton, Sarazin & Irwin 2001) and NGC 4697 (one, Sarazin, Irwin & Bregman 2000 , 2001 . We notice that there seems to be a correlation between N ULX and the total X-ray luminosity L X of the early type galaxies (Table 3) . To validate this, further study of a larger sample is needed. et al. (2003) , Blanton, Sarazin, and Irwin (2001) , and Bregman (2000, 2001) . * 2 Distances to these galaxies are quoted from O'Sullivan, Forbes and Ponman (2001) assuming H 0 = 75 km s −1 Mpc −1 . * 3 Total X-ray luminosity in 0.3-10 keV. * 4 X-ray luminosity of all (resolved + unresolved) point sources in 0.3-10 keV. * 5 Number of resolved point sources. * 6 Number of detected ULXs.
From the spectral model fittings we find that the resolved point sources contribute about 17.8% of the total emission of the galaxy in 0.3-10 keV. Of the remaining diffuse emission, about 53.4% (or 43.9% of total) may arise from the unresolved point sources. Thus, LMXBs may contribute up to 61.7% of the total X-ray flux of NGC 1407. This ratio is higher than in NGC 1553 (54%; Blanton, Sarazin & Irwin 2001) , but lower than in NGC 4697 (71.3%; Sarazin, Irwin & Bregman 2000 , 2001 .
